Background Recently developed genetic and pharmacological approaches have been used to explore NO À 3 /ethylene signalling interactions and how the modifications in root architecture by pharmacological modulation of ethylene biosynthesis affect nitrate uptake.
INTRODUCTION
The structural and functional plasticity of the root allow plants to adapt to their fluctuating hydro-mineral environment. Thus, in response to nutrient shortage, the root network comprising the exploratory system (primary root and lateral roots (LRs)) and the root hair system increases its uptake capacity and/or absorbing surface. For instance, nitrate uptake by the root system can be modelled by the simple equation: NO À 3 absorption rate ¼ ðnumber of nitrate transporters Â transporter activityÞ= root surface with transporter activity expressed in terms of amounts of nitrate taken up per unit of time and root surface is in cm 2 or expressed as root length in cm or root fresh or dry weight in g. In the above equation, the root surface includes the epidermal cells (root hair cells and non-hair cells) of the primary root and LRs. The number of nitrate transporters is dimensionless.
The two terms of the ratio reflect the nitrate absorption plasticity of the root and emphasize that this plasticity depends on functional and structural components that operate at two different timescales (Robinson, 1997 (Robinson, , 2005 Lemaire et al., 2013) . analyses have shown that the expression and activity of nitrate transporters are quickly induced (minutes to hours) by nitrate supply (Lejay et al., 1999; Okamoto et al., 2003) whereas at the structural level, root growth and development in response to nitrate require longterm (days to weeks) compensatory mechanisms (Robinson, 1997 (Robinson, , 2005 . Because nitrate is an essential growth-limiting nutrient ion but also a signalling molecule involved in shoot/root growth through its involvement in nitrogen (N) and carbon (C) metabolism (Scheible et al., 1997a, b) , recent emphasis has been placed on local and systemic nitrate signalling and their effects on growth and development of LRs (Scheible et al., 1997a, b; Zhang et al., 1999; Ruffel et al., 2011) .
However, there are several lines of evidence indicating that nitrate is not a primary and direct signal involved in growth of exploratory roots and root hair systems:
1. Discrepancy, in terms of duration, between root growth responses induced by nitrate (days to weeks) and hormones such as ethylene and auxin (minutes to hours) raises questions about the importance of nitrate as the primary and direct signal in root morphogenetic programming (Lemaire et al., 2013) . For instance, auxin is a key signal of the root morphogenetic programme, orchestrating root meristem patterning and maintenance, the initiation, patterning and emergence of LRs, the building and patterning of the vascular system, the root gravitropic responses and the hydro-patterning of LRs (Turner and Sieburth, 2003; Woodward and Bartel, 2005; Teale et al., 2006; Péret et al., 2009; Band et al., 2012; Bao et al., 2014) .
2. Compared with auxin, nitrate is not a major signal in acid growth theory although it is an essential molecule for growth (Rayle and Cleland, 1992; Hager, 2003; Staal et al., 2011) .
3. The lag period (days to weeks) in the root architectural response to heterogeneous nitrate supply is inconsistent with the effect of a ligand on a receptor activating a morphological response in a few minutes or hours (Remans et al., 2006a, b) . By contrast, ethylene and indole-3-acetic acid (IAA) modulate growth of exploratory roots and root hair systems more rapidly (minutes to hours) (Le et al., 2001; De Cnodder et al., 2007; Leblanc et al., 2008; Fraas et al., 2014) . In addition, the active concentrations of IAA and ethylene needed for root growth are lower by two or three order of magnitude (lM and nM) than those of nitrate in soil (mM).
4. In contrast to ethylene and IAA signalling mutants, no mutants of macronutrient transporters have demonstrated direct and rapid effects on short-term modification in elongation of the exploratory root and root hair systems (Casson and Lindsey, 2003; Remans et al., 2006a, b; Ivanchenko et al., 2008; Negi et al., 2008; Péret et al., 2009) .
5. The short-term primary effect of nitrate (minutes to hours) on gene expression obtained from transcriptomic studies has failed to uncover any nitrate receptors or sensors able to act quickly and directly on root growth Nero et al., 2009; Vidal et al., 2010) . Although nitrate transporter AtNRT1.1 (AtNPF6.3) and phospholipase C are required to trigger Ca 2þ signalling involved in the expression changes of nitrate-responsive genes, the nature of this sensing mechanism remains elusive (Riveras et al., 2015) .
6. Root structure is mainly composed of carbon skeletons and the pattern of root branching remains very robust even if root proliferation is spatially induced by a heterogeneous supply of a nutrient such as nitrate (X. Wang et al., 2002; Guo et al., 2005) . Thus, under conditions of a heterogeneous supply of nitrate (split root experiment), the total LR length within the root compartment supplied with nitrate after 4 d of treatment is the same as the sum of LR lengths found in both compartments provided with a homogeneous nitrate supply (Ruffel et al., 2011) . Furthermore, in the long term, the foraging strategy employed seems to have no effect on the general growth performances of different species (Johnson and Biondini, 2001; Kembel and Cahill, 2005; De Kroon et al., 2009) .
Taken together, these results suggest that root foraging in nitrate patches probably constitutes one of the environmental cues acting on a more general mechanism of root branching in plants. It should be stressed that throughout the paper, root morphogenetic programme (RMP) means the establishment of a root branched structure under genetic and thermodynamic control. However, the genetic and physical laws involved in root morphogenetic programming can be modulated by environmental factors such as water and availability of nutrient ions. Such factors introduce real-time responses of the branched structure that explain why the branching process is less stereotyped and can adapt to fluctuating environmental cues (Clément and Mauroy, 2014; Bao et al., 2014) . These real-time adaptation processes can operate from the cellular level to the root organ level when plants are under steady growth conditions (Kaneko et al., 2015) without invoking the role of 'developmental instability' in the shaping of a root system (Forde, 2009) . The discrepancy between root structural and functional responses to nitrate in terms of duration (minutes vs. days) raises two questions. (1) How is the construction of the root coupled with nitrate absorption during root branching organogenesis? (2) Is it possible to manipulate and decouple structure and function components over longer periods of time (rather than just temporary periods) to improve the capacity for N absorption in crop species?
Analyses of nitrate transporter mutants and their effects on root architecture have revealed the existence of interactions between nitrate, ethylene and IAA signalling and transport (Leblanc et al., 2008; Nero et al., 2009; Tian et al., 2009; Krouk et al., 2010; Zheng et al., 2013; . However, the opposite strategy, in which the activity and expression of nitrate transporters are studied after the induction of root structural changes by the modulation of ethylene or IAA biosynthesis and signalling, has little been used (Leblanc et al., 2008; Lemaire et al., 2013) . This approach can be used as a tool to explore how nitrate uptake and N metabolism (function) react or compensate for the forcing of root system architecture traits (structure) and shed light on the major mechanisms regulating the RMP.
Although the non-specificity of ethylene inhibitors as double edge tools to find new targets involved in the RMP has already been discussed elsewhere (Le Deunff and Lecourt, 2016) , this review focuses on the modification of root growth by pharmacological modulation of the ethylene biosynthesis pathway to evaluate the structure-function relationships between root architecture and nitrate absorption. It shows how this approach can revise our appreciation of structure-function relationships and can help to find major targets involved in responses of the RMP to nitrogen nutrition.
First consideration: need for a standard growth medium to compare the role of hormones and nutrient ions on root growth Most of the genetic or pharmacological studies of the effects of ethylene and auxin on root and root hair growth are performed using vertical agar plates filled with full or half-strength Murashige and Skoog (MS) standard medium (Guzman and Ecker, 1990; Binder et al., 2004; Tromas et al., 2009; Bruex et al., 2012) . Initially designed for in vitro tissue culture, this medium contains high concentrations of mineral nutrients including 61 mM of nitrogen with 40 mM KNO 3 and 21 mM NH þ 4 (Murashige and Skoog, 1962) . Such high concentrations of N exceed the maximum soil nitrate concentrations observed in natural habitats ( 1 mM) or under field conditions ( 10 mM) (Le Deunff and Malagoli, 2014) . The well-documented reduction in root proliferation in response to high concentrations of nitrate (!10 mM) raises questions about the significance of the data generated from plants growing on MS medium (Scheible et al., 1997a; Remans et al., 2006a, b; Le Ny et al., 2013) . Moreover, as ethylene biosynthesis and signalling are involved in the primary response to nitrate supply in the short term ( 24 h), caution is required when interpreting studies with such high nitrate concentrations in the growth medium (Tian et al., 2009; Zheng et al., 2013) . Likewise, long-term changes (days to weeks) of the root absorbing surface induced by the modulation of ethylene biosynthesis revealed a structural and functional relationship between K 15 NO 3 uptake rate and expression of NRT1.1 and NRT2.1 nitrate transporter genes (Leblanc et al., 2008; Lemaire et al., 2013) . In addition, NRT1.1 transporter is also involved in auxin transport and LR development at low external nitrate concentrations (Krouk et al., 2010; Bouguyon et al., 2015) . Again, this suggests that caution is required when interpreting hormones studies with MS medium. Indeed, depending on the external nitrate concentration, nitrogen effects on root development can be in synergy or antagonism with the effects of ethylene or auxin treatments (Lemaire et al., 2013; Bouguyon et al., 2015) . Accordingly, the definition of an adapted and standardized medium shared by the scientific community working respectively on the effects of the hormones and nutrient ions on root architecture is necessary to compare current and future available data.
BUILDING THE ROOT CATALYTIC FUNCTION FOR NITRATE UPTAKE: INVOLVEMENT OF A COMPLEX OF NITRATE TRANSPORTERS (CNT)
Nitrate is the predominant soluble form of N in most high-input agricultural soils (Wolt, 1994; Miller et al., 2007) . Because it is a highly mobile ion in the soil compared with NH þ 4 and PO 2À 4 , its convective and diffusive fluxes in soil are very sensitive to the transpiration stream (Barber, 1995; Tinker and Nye, 2000; Matimati et al., 2014; Hepworth et al., 2015) . In the 1990s, based on the enzyme-substrate interpretation of nutrient ion isotherms proposed by Epstein and co-workers, two distinct nitrate uptake systems corresponding to kinetic components of ion fluxes across the roots were defined at a functional level depending on the external nitrate concentrations (Epstein, 1966 (Epstein, , 1972 . A high-affinity transport system (HATS) involved at low external nitrate concentration ( 1 mM) and a low-affinity transport system (LATS) operating at high external concentration (!1 mM) were defined (Siddiqi et al., 1989 (Siddiqi et al., , 1990 FaureRabasse et al., 2002) . However, in the last two decades, the identification and characterization of different gene families of nitrate transporters have proliferated and analyses of transporter mutants in Arabidopsis have challenged this definition (Le Deunff and Malagoli, 2014; .
Families of nitrate transporters involved in the root catalytic function
Transporters belonging to the NRT2 family are mainly involved in nitrate uptake at low nitrate concentrations ( 1 mM) (Krapp et al., 1998; Cerezo et al., 2001; FaureRabasse et al., 2002) . In Arabidopsis, the AtNRT2 family of nitrate transporter genes possesses seven members. Parallel studies with 15 N and 13 N isotope tracers, gene expression and mutant analyses have shown that AtNRT2.1, AtNRT2.2, AtNRT2.4 and AtNRT2.5 are mainly involved in nitrate uptake in mature plant roots whereas the other members of this family are expressed in the shoots Orsel et al., 2002; Okamoto et al., 2003; Li et al., 2007; Kotur and Glass, 2014) . In situ histochemical GUS and LUC activities of pNRT2.1::GUS and pNRT2.1::LUC have shown that the AtNRT2.1 promoter is predominantly targeted to older root parts of the primary root and of all laterals. However, NRT2.1 expression was absent from the apices, cell division, transition, elongation and the beginning of maturation zones according to the definition of these zones proposed by Verbelen et al. (2006) . In the mature roots, the expression of the AtNRT2.1 promoter was localized to outer layers of the mature root, namely epidermis, cortical paremchyma, endodermis and root hairs, but absent from the inner root tissues such as pericycle and stele (Nazoa et al., 2003; Remans et al., 2006b; Girin et al., 2007) . A schematic view of the expression location for the different nitrate transporters along the root from the root tip to the root mature zone is presented Fig. 1 .
Under high nitrate concentration conditions (!1 mM), some of the transporters belonging to the NRT1/Peptide TRansporter family (NRT1/PTR family, termed NPF6) participate in nitrate uptake (Liu and Tsay, 2003) . In Arabidopsis, among the different NRT1 transporters identified and characterized, AtNRT1.1 (NPF6.3) is nitrateinducible and mainly involved in nitrate uptake whilst the other AtNRT1 genes show constitutive expression in both roots and shoots (Okamoto et al., 2003; Wang et al., 2012) . Unlike AtNRT2.1 and AtNRT2.2, expression of AtNRT1.1 (NPF6.3) is mainly located in deeper layers of the mature root: endodermis and pericycle, with greater expression in the epidermis and cortex at the root tip level (Guo et al., 2001 (Guo et al., , 2002 . The complementary location of AtNRT2.1 and AtNRT1.1 in mature roots ( Fig. 1 ) raises questions about a potential coupling between both AtNRT2.1 and AtNRT1.1 transporters (Krouk et al., 2006; Leblanc et al., 2013) . The AtNRT1.1 transporter has a dual affinity for NO À 3 controlled by phosphorylation/dephosphorylation of the transporter (Liu and Tsay, 2003; Glass and Kotur, 2013) . Thus, AtNRT1.1 operates as a high-affinity transporter when it is phosphorylated and as a low-affinity transporter in the absence of phosphorylation (Liu and Tsay, 2003; Ho et al., 2009) . In essence, the root location and dual affinity for nitrate of NRT1.1 invalidates the concept of HATS and LATS and the enzymesubstrate interpretation (Le Deunff and Malagoli, 2014; .
The influx of nitrate to roots is also regulated by nitrate import into the vacuole, efflux from the cell and loading into the xylem (Walker and Pitman, 1976; Kronzucker, 2001, 2003) . These mechanisms require other types of transporter that also contribute to the homeostasis of nitrate in root tissues. The complexity of the root catalytic structure for nitrate uptake has increased by the recent discovery of new gene families, CLC (ChLoride Channel) and NAXT (NitrAte Excretion Transporter), encoding nitrate transporters involved in nitrate homeostasis and nitrate efflux, respectively (Segonzac et al., 2007; De Kroon et al., 2009; Monachello et al., 2009) . This complexity will increase in the future with the identification of the genes encoding nitrate carriers involved in nitrate influx and efflux from the vacuole (Migocka et al., 2013) or nitrate xylem loading (Köhler et al., 2002; Han et al., 2016) .
In summary, the different types of nitrate transporter present in the mature root form a complex catalytic structure composed by multiple transporters (CNT) that is involved in nitrate absorption over a large range of external nitrate concentrations ( Fig. 1, inset) . Because of correlative evidence for the functional role of NRT2.1 and NRT1.1 (NPF6.3) transporters in root nitrate uptake, the expression of both genes is often used as markers of nitrate uptake activity in plants.
BUILDING THE ROOT ABSORPTION SURFACE: THE IMPORTANCE OF ETHYLENE AND IAA INTERPLAY
In the last three decades, pharmacological and genetic approaches have shown that ethylene and auxin are the major growth regulators involved in growth and development of the exploratory roots and root hair systems, resulting in an expansion of the root absorbing surface (Duckett et al., 1994; Tanimoto et al., 1995; Rahman et al., 2001; Rů zi cka et al., 2007; Swarup et al., 2007) .
Elongation of the exploratory root system: primary root and LRs
Ethylene is one of the major factors controlling root growth and it is involved in IAA transport and partitioning along the primary root as well as in root growth ( Details of the complex of nitrate transporters (CNT) that form the root catalytic structure for nitrate uptake and translocation to the shoots in the mature plant roots (adapted from Guo et al., 2001; Nazoa et al., 2003; Remans et al., 2006a, b; Kotur and Glass, 2014; Lezhneva et al., 2014) . Red parts are indicative of weak nitrate absorption zones whereas blue parts represent high absorption zones in high (10 mM) and low (0Á1 mM) nitrate concentrations (from Lazof et al., 1992) .
Rů zi cka et al., 2007; Swarup et al., 2007) . Ethylene upregulates IAA biosynthesis through the activation of the tryptophan aminotransferase TAA1 (also known as WEI8, SAV3 and TIR2) and tryptophan aminotransferase-related TAR1 and TAR2 that have overlapping roles in ethylene responses (Stepanova et al., 2008) . These enzymes are involved in the indole-3-pyruvic acid (IPyA) pathway (Stepanova et al., 2005 (Stepanova et al., , 2007 . Moreover, kinematic studies revealed that ethylene and auxin decrease the elongation rate in the elongation zone of the primary root (Rahman et al., 2001; Swarup et al., 2007) . Likewise, the use of microelectrode ion flux measurement experiments demonstrated that the control of root elongation by the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) is caused by a rapid alkalinization of apoplast in the root elongation zone through control of H þ -ATPase activity (Staal et al., 2011) . Analysis of aux1, axr2 and axr4 mutants indicated that ethylene control of the H þ -ATPases is caused by ethylene effects on both IAA biosynthesis and IAA influx into the root cells through the AUX1 transporter (Staal et al., 2011) . However, this control is not the only mechanism by which ethylene affects final cell length in the root as ethylene induced changes to the level of apoplast protein content and crosslinking as well as composition of the cellulose-hemicellulose and pectin network of the cell wall (De Cnodder et al., 2005 .
The formation of LRs is also under the control of ethylene and auxin interactions Negi et al., 2008; Lewis et al., 2012) . However, contrary to their synergistic effect on root elongation, IAA and ethylene act antagonistically on LR formation (Muday et al., 2012) . Indeed, root treatment with IAA stimulates LR formation and growth whereas treatments increasing ethylene biosynthesis or its signalling pathway negatively impact LR formation (Negi et al., 2008) . Thus, ACC treatments or the use of an eto1 mutant that overproduces ethylene (Guzman and Ecker, 1990 ) and ctr1.1 mutant that induces constitutive ethylene triple responses (Kieber et al., 1993) reduce LR formation. By contrast, treatments with 10 lM AgNO 3 [an ethylene receptor antagonist (McDaniel and Binder, 2012) and an efflux activator of IAA (Strader et al., 2009)] or the use of etr1-3 and ein2-5 mutants stimulate root formation by decreasing sensibility to ethylene (Negi et al., 2008) . The inhibition of LR formation by ethylene depends also on the increase of IAA transport in both acropetal and basipetal directions as the aux1-7 mutant (IAA influx protein) and pin3 and pin7 mutant (genes encoding IAA efflux protein) are insensitive to ethylene inhibition of LR formation (Negi et al., 2008; Lewis et al., 2011) . In fact, induction of AUX1, PIN3 and PIN7 gene expression by ACC treatment stimulates acropetal transport of auxin to the root tip and alleviates the local auxin accumulation that drives LR formation (Lewis et al., 2011) .
Elongation of the root hair system
Ethylene and auxin act in overlapping and independent ways during the initiation and elongation of the root hair system, as demonstrated by pharmacological and mutant analyses (Masucci and Schiefelbein, 1994; Tanimoto et al., 1995; Rahman et al., 2001; Bruex et al., 2012; Balcerowicz et al., 2015) . Both hormones promote the process of root hair initiation and are involved in the molecular mechanisms that determine the site on the epidermal cell where the root hair will be initiated: the planar polarity (Masucci and Schiefelbein, 1994; Fischer et al., 2007; Balcerowicz et al., 2015) . For example, treatments with ACC and IAA restore root hair formation in the root hairless mutants rhd6 and the L-aminoethoxyvinylglycine (AVG)-induced defects in root-cell differentiation can be reversed by ACC treatments Schiefelbein, 1994, 1996) . The RHD6 gene encodes a basic helix-loop-helix (bHLH) transcription factor that directly targets the gene RSL4 (Root Hair Defective 6-Like 4), another bHLH transcription factor sufficient to promote root hair cell growth. Due to reciprocal regulation of their biosynthesis pathways, auxin and ethylene probably act upstream on the bHLH transcription factor family (Yi et al., 2010) . However, these signalling pathways have not yet been deciphered (Balcerowicz et al., 2015) . Auxin and ethylene are also involved in root hair cell elongation (Pitts et al., 1998; Schiefelbein, 2000; Bruex et al., 2012; Grierson et al., 2014) . Auxin influx and efflux control root hair elongation, as demonstrated by the use of aux1, etr1 and axr1 mutants (Pitts et al., 1998) . Mutants of ethylene biosynthesis and signalling such as eto1, etr1 and ein2 have shown that ethylene is required for root hair elongation. Compared with the wild type, the ethylene overproducer eto1 induces longer root hairs, whilst the ethylene-insensitive mutants etr1 and ein2 present shorter root hairs (Pitts et al., 1998; Seifert et al., 2004) .
Because the biosynthesis pathway of ethylene is less complex than that of auxin (see below), modulation of ethylene biosynthesis and signalling by using activators and inhibitors is an effective strategy to validate genetic approaches (Woodward and Bartel, 2005; Dugardeyn and Van Der Straeten, 2008) . However, recent findings have challenged the effectiveness of conventional inhibitors of the ethylene biosynthesis pathway (Leblanc et al., 2008; Soeno et al., 2010; Le Deunff and Lecourt, 2016) .
The most widely used inhibitor of ethylene biosynthesis AVG also inhibits IAA biosynthesis and N metabolism Ethylene is produced from methionine by a three-step biochemical pathway. S-adenosylmethionine synthetase first converts methionine to S-adenosyl-L-methionine (S-AdoMet), then S-AdoMet is converted by ACC synthase (ACS) in ACC and 5 0 -methylthioadenosine (MTA). Finally, in the presence of O 2 and ascorbate, ACC oxidase (ACO) converts ACC to ethylene, hydrogen cyanide (HCN), CO 2 and dehydroascorbate (DHA).
Because ACS is the rate-limiting step of the ethylene biosynthesis pathway, this step was used as a preferential target for inhibition of ethylene production (Yang and Hoffman, 1984; Wang et al., 2004) . Since the 1970s, several bioactive small molecules have been sought to inhibit ACS and ACO and then used to modulate ethylene biosynthesis in fruit slices, flowers and vegetative tissues such as root (Lieberman, 1979; Yang and Hoffman, 1984) . However, recent results in root growth and development have highlighted the non-specificity of commonly used inhibitors of ACS enzyme activity such as AVG and 2-(aminooxy)acetic acid (AOA) (Leblanc et al., 2008; Soeno et al., 2010; Le Deunff and Lecourt, 2016) . These two compounds are K cat -type irreversible inhibitors of pyridoxal phosphate (PLP)-linked enzymes (Rando, 1974) . AVG belongs to the family of olefinic glycine analogues that act as terminal inhibitors of many PLP-dependent enzymes of the subgroup I belonging to the alpha (a) family of aminotransferases (Lieberman, 1979; Satoh and Yang, 1989; Mehta et al., 1993) . This subgroup I contains ACC, aspartate, alanine, tyrosine, histidine-phosphate and phenylalanine aminotransferases (Mehta et al., 1993; Liepman and Olsen, 2004) . AOA belongs to the family of hydroxylamine analogues that react with PLP coenzyme to form stable oximes (Amrhein and Wenker, 1979; Yu et al., 1979; Broun and Mayak, 1981) . Recent studies based on chemical genomic or chemical genetic strategies have re-evaluated the effects of these drugs on auxin and ethylene biosynthesis ( Fig. 2A ) and signalling pathways (Soeno et al., 2010; Ma and Robert, 2014; Carland et al., 2016) . Chemical genomics and genetics can be defined as the ability of small bioactive molecules to modify protein activity and gene transcription, overcoming the limitations of the mutational approaches such as classical reverse and forward genetics (Zheng and Chan, 2002; Blackwell and Zao, 2003; Robert et al., 2009) . Recently, one of these approaches has shown that AOA and AVG are also potent inhibitors of tryptophan aminotransferase enzymes (TAA and TAR) involved in IAA biosynthesis ( Fig. 2A) through the IPyA pathway (Stepanova et al., 2008; Soeno et al., 2010) .
Due to the frequent use of PLP-enzyme inhibitors to block the aminotransferases involved in N metabolism in plants and animals (Miflin and Lea, 1977; John et al., 1978) , doubts arise regarding the specificity of these families of compounds. In this regard, it has been shown in Brassica napus that AVG treatment significantly increased the root and shoot concentrations of free amino acids such as Asn, Asp, Gln and Glu (Leblanc et al., 2008; Lemaire et al., 2013) . This demonstrates that AVG not only inhibits the synthesis of ethylene and IAA, but at the same time irreversibly blocks several aminotransferases involved in N and C assimilation and shuttling through the interconversions between organic and amino acids in N metabolism (Fig. 2B) . Furthermore, it is well known that AVG-induced defects in primary root elongation cannot be restored by ACC treatment (Leblanc et al., 2008; Soeno et al., 2010) . Because root treatment with 1 mM glutamate can restore more effectively the root elongation of seedlings treated with 10 lM AVG rather than 10 lM ACC, it can be assumed that some aminotransferases of N metabolism targeted by AVG could also be involved in the RMP (Fig. 2B) . In the future, identification of small bioactive molecules involved specifically in the inhibition of some aminotransferases involved in N metabolism will allow a better characterization of the loss-of-function phenotypes when all redundant proteins are inhibited (Fig. 2) . For example, the use of L-kynurenine (an analogue of L-tryptophan) as a competitive inhibitor of tryptophan aminotransferase activities of TAA and TAR proteins has allowed the identification of a positive feedback loop between auxin biosynthesis and ethylene signalling through the ethylene-insensitive (EIN3) transcription factor during primary root growth (He et al., 2011) .
GENETIC AND PHARMACOLOGICAL APPROACHES USED TO DECIPHER ETHYLENE AND NITRATE SIGNALLING INTERACTIONS ON ROOT GROWTH
Genetic and pharmacological approaches in Arabidopsis and B. napus seedlings have recently been used to explore NO À 3 / ethylene signalling interactions. Genetic approaches in Arabidopsis have focused on the responses of AtNRT2.1 and AtNRT1.1 nitrate transporters under deficiency and excess of nitrate (Tian et al., 2009; Zheng et al., 2013) . Pharmacological approaches in B. napus have focused on structure-function relationships, especially the compensatory mechanisms of nitrate uptake and expression of BnNRT2.1 and BnNRT1.1 genes when root architecture components are strongly modified by the modulation of ethylene biosynthesis (Leblanc et al., 2009; Lemaire et al., 2013) .
Genetic approaches reveal an interplay between expression of nitrate transporter and ethylene signalling components
Several studies have focused on expression of AtNRT nitrate transporter genes in short-term ethylene responses to rapid changes in external nitrate availability ( 24 h). One of these explored the NO À 3 /ethylene interaction with pre-grown seedlings in low nitrate (0Á1 mM) for 5 d followed by transfer to high external concentration (10 mM) for 6-24 h (Tian et al., 2009) . Another study explored this interaction when seedlings were grown under high nitrate concentration (10 mM) for 1 week and then transferred to low external nitrate concentration (0Á2 mM) for 24 h (Zheng et al., 2013) . Both nitrate nutritional stresses induced a burst (0Á5-1 h) of ethylene production in the roots, followed by a gradual decrease in ethylene concentration.
In seedlings transferred from low to high nitrate concentrations, AtNRT1.1 and AtNRT2.2 expression was respectively upand down-regulated. These opposite regulations were confirmed in ACC-and AVG-treated seedlings subjected to low and high external nitrate concentration (Tian et al., 2009) . Because NRT gene expression was no longer responsive to high nitrate concentration in etr1-3 and ein2-1 ethylene-insensitive mutants, the results led to the conclusion that the regulation of both AtNRT genes depends on the ethylene biosynthesis and signalling pathway (Fig. 3A) .
In seedlings transferred from high to low nitrate concentrations, AtNRT2.1 rather than AtNRT1.1 expression played a positive role in the ethylene biosynthesis and signalling response to nitrate deficiency (Zheng et al., 2013) . This result was confirmed by monitoring EBS:GUS activity [synthetic EIN3(ethylene receptor)-responsive promoter coupled to b-glucuronidase] in nrt2.1/EBS:GUS and nrt1.1/EBS:GUS lines treated with ACC and AVG (10 lM). In addition, comparison of AtNRT2.1 expression in control and ctr1-1, ein3-1 and eil-1 mutants indicated that ethylene down-regulated AtNRT2.1 expression and nitrate uptake via one component of the ethylenesignalling cascade (Zheng et al., 2013) . This leads to the conclusion that a feedback loop should exist between the expression of AtNRT2.1 and ethylene biosynthesis and signalling under nitrate deficiency (Fig. 3B) .
Taken together, these results demonstrate that ethylene biosynthesis and signalling are involved in the short-term primary response to nitrate deficiency or excess by a fine-tuning of AtNRT2.1 and AtNRT1.1 gene expression. However, they do not show how the long-term morphological effects of ethylene on the root system can influence nitrate uptake.
Pharmacological approaches shed light on temporal and dynamic relationships between root architecture and nitrate absorption
In B. napus, a week-long chronic treatment of seedling roots with ACC, AVG and AIB (a-aminoisobutyric acid) under a homogenous supply of nitrate (1 mM) revealed different types of compensatory responses to ethylene-induced changes in exploratory root and root hair systems. Three distinct groups, presented in Fig. 4 , can be distinguished.
The first response group, induced by increased external ACC concentrations (from 0Á1 to 10 lM), revealed a dramatic reduction in 15 NO À 3 accumulation and elongation of the exploratory root system (Fig. 4A) . This was partly compensated for by an increase in 15 NO À 3 uptake per root length unit (Fig. 4B) , this compensation being unable to restore normal growth and 15 NO À 3 accumulation to control levels. The increase in nitrate uptake rate was explained by a strong up-regulation in BnNRT2.1 rather than BnNRT1.1 expression, mainly in root hairs (Leblanc et al., 2008; Lemaire et al., 2013) .
The second response group was revealed by the inhibition of ACO by AIB treatments (0Á5 and 1 lM). After 5 d of treatment, the total root elongation and 15 NO À 3 accumulation were significantly increased (Fig. 4A) . However, the nitrate uptake rate per root length unit and transcript levels of the BnNRT2.1 and BnNRT1.1 genes showed no significant difference (Fig. 4B) , suggesting that the gain in 15 NO À 3 accumulation was mainly explained by an increase in root length and a conservation of the rate of nitrate uptake (Lemaire et al., 2013) . The fine-tuning of ethylene signalling on nitrate uptake in AIB-and ACC-treated seedlings seems mainly exercised via the NRT2.1 gene expression and its transport activity, in accordance with the specific location of NRT2.1 transporter in root hairs and the epidermal and cortical parenchyma cell layers of the mature roots in many species (Nazoa et al., 2003; Tian et al., 2009; Feng et al., 2011; Zheng et al., 2013) . This represents the first evidence that ethylene signalling is involved in this compensatory phenomenon of nitrate uptake (Lemaire et al., 2013) . Such a view is strongly supported by the up-regulation of transcript levels of ACO and ESR (ethylene responsive sensor) genes in the roots portion fed with nitrate during a split root experiment in rice .
The third response group was identified by AVG treatment (Fig. 4A) . The inhibition of ethylene biosynthesis by 10 lM AVG treatment significantly reduced the exploratory root and root hair systems of the seedlings by 22Á5-50 % (Leblanc et al., 2008; E. Le Deunff et al., unpubl. res.) . Surprisingly, AVGtreated seedlings accumulated as much 15 N as the control seedlings (Fig. 4A) while the AVG treatment inhibited the synthesis of IAA and ethylene and some other aminotransferases implied in N metabolism (Leblanc et al., 2008; Soeno et al., 2010; Lemaire et al., 2013) . This result was mainly explained by a compensatory increase of BnNRT2.1 transcript levels. The expression of BnNRT2.1 rather than BnNRT1.1 was again linearly correlated with the reduction of the root length and root hair production (Leblanc et al., 2008) . In addition, the results also demonstrated that root hair cells (trichoblasts) are not the only root location for nitrate absorption, demonstrating that non-hair cells (atrichoblasts) are also actively involved in nitrate uptake to compensate for the depleted number of root hair cells. This result validates the fact that NRT2.1 is targeted to the root plasma membrane of epidermal cells independently of their atrichoblast or trichoblast nature Orsel et al., 2007) . Guo et al., 2003; Tian et al. 2009; He et al., 2011) . (B) Ethylene burst induced by deprivation of external nitrate concentration in the medium down-regulates AtNRT2.1 transcription that is normally up-regulated by low nitrate availability. In this model, the ethylene signalling component will be involved in de-induction of the AtNRT2 gene (adapted from Krouk et al., 2010; Zheng et al., 2014) . Arrows are indicative of positive control of gene expression whereas blunted lines are indicative of negative control of gene expression or physiological responses. The dotted arrows indicate temporary regulations (24-48 h). The ? symbol indicates an unknown signalling cascade.
Taken together, these groups of response demonstrate that dynamic changes of total root length and nitrate uptake are finely adjusted and coordinated by ethylene signalling Leblanc et al., 2008; Lemaire et al., 2013) . Moreover, the expression and the activity of NRT2.1 rather than NRT1.1 (NPF6.3) adapts to the ethylene-induced changes of the roots' absorbing surface. Therefore, the NRT2.1 transporter is probably the main target of ethylene signalling in this structure-function coupling mechanism. Lemaire et al., 2013; . However, the speed of root morphological changes in response to the modulation of ethylene biosynthesis (minutes to hours) is inconsistent with the slow process of root morphogenesis observed under optimal nitrate supply (days to weeks). This implies that the coordination of absorption and assimilation of N and C fixation slow down the RMP by adjusting the concentrations of endogenous hormones. Because ethylene and auxins are synthesized from methionine, phenylalanine and tryptophan amino acids, the hormonal control of RMP is dependent on both N and C assimilation and shuttling through production of amino and organic acids by aminotransferase activities (Sugawara et al., 2015; Le Deunff and Lecourt, 2016) . To avoid falling into a circular argument between nitrogen and hormones, all these results suggest that the RMP requires metabolic hubs in the primary metabolism -downstream nitrogen uptake and reduction -able to control both the flows of C and N assimilates in primary metabolism and hormone biosynthesis (Fig. 2) .
The structural and functional relationships of the root system are also based on energetic considerations Although at the cellular level ethylene and auxin transport and synthesis both modulate cell division and elongation in the primary root (OrtegaMartinez et al., 2007; Stepanova et al., 2008; Tromas et al., 2009; Thomann et al., 2009 ) and participate in LR development (Negi et al., 2008; Lewis et al., 2011) , the shaping of the root system under steady growth conditions on agar plates also needed an additive assumption based on energetic consideration (Lambers et al., 1996; Clément and Mauroy, 2014; Kaneko et al., 2015) . This complementary hypothesis is also consistent with the building of a fractal or constructal root network (West et al., 1997 (West et al., , 1999 Bejan, 2005; Miguel, 2006; Bejan and Lorente, 2010) . Briefly, building of a fractal root network supposes the involvement of an iterative mathematical algorithm mainly driven by a genetic programme whereas the constructal root network supposes that thermodynamic laws are mainly involved in root shaping (Bejan, 2005; Miguel, 2006; Bejan and Zane, 2012) . Indeed, in both approaches the filling volume of soil by a branched structure such as roots is designed to optimize the rates at which energy, materials and wastes may be supplied or removed by the circulation of xylem and phloem fluids. In other words, the shaping of a root system under homogenous or heterogeneous nitrate supply requires adopting a thermodynamic viewpoint during steady-state growth. Furthermore, the relationship found between the decrease in nitrate uptake per root length during root ageing presented in Fig. 5A reveals one of these thermodynamic aspects involved in RMP (Lemaire et al., 2013) . A similar observation has been made in B. napus subjected to flowing solutions of nitrate at different concentrations from 10 lM to 10 mM (Fig. 5B) . Indeed, the increase in length of the root network was accompanied by a reduction in nitrate uptake per root length for all the tested nitrate concentrations (Bhat et al., 1979a, b; Le Deunff and Malagoli, 2014) . Although it is likely that this weighted behaviour does not reflect the heterogeneity of nitrate uptake along the root caused by root ageing (Robinson et al., 1991; Le Deunff and Malagoli, 2014; Vetterlein and Doussan, 2016) , we can assume that such behaviour minimizes the energy costs required for the structure building and the root functional properties (Fig. 5) . In addition, it allows the roots to adopt a Leblanc et al., 2008; Lemaire et al., 2013). prospective and active strategy to adapt to a heterogeneous supply of nutrient ions and water in the soil (Drew and Saker, 1975; Robinson, 1997 Robinson, , 2005 Bao et al., 2014) . When roots meet a nitrate-rich patch, they proliferate and increase locally and temporarily their energy cost for nitrate absorption and root structure formation (Bloom et al., 1992; Cannell and Thornley, 2000; Lambers et al., 1996) . This is accompanied by a drop in energy demand in the rest of the unsupplied root system. Indeed, nitrate uptake represents 20-40 % of the respiratory energy cost whereas the cost of biomass maintenance increases from 25 to 70 % with plant age at the expense of nitrate uptake and growth (van der Werf et al., 1988; Lambers et al., 1996) . The fundamental role played by the circulation of xylem and phloem fluids associated with energetic considerations involved in RMP is emphasized by two major results. First, the root hydraulic properties and total volume flow in xylem vessels are dependent on nitrate availability (Hoarau et al., 1996; Gorska et al., 2008; Schulze-Till et al., 2009) . Second, it has been shown that a part of the water used for xylem flow (19-54 %) is replenishing water provided to the phloem via Münch's counterflow (Tanner and Beevers, 2001; Windt et al., 2006) . Hence, a preferential circulation of nutrients, amino acids, carbohydrates, signalling molecules and hormones such IAA is induced in roots fed with nitrate, causing root proliferation without altering substantially the RMP but maximizing energy costs (Robinson, 1997 (Robinson, , 2005 Wang et al., 2002; Guo et al., 2005; De Kroon et al., 2009) . These results are also in agreement with the hydro-patterning mechanism in Arabidopsis that determines the position of lateral roots through local regulation of TAA1 and PIN3 (PINE-FORMED 3) genes and the involvement of the OsNPF2.2 nitrate transporter in nitrate xylem loading and vasculature formation of the roots and shoots in rice (Bao et al., 2014; Li et al., 2015) . Accordingly, the LR proliferation induced by the spatial heterogeneity of available water and nitrate in the soil raises the question of a possible overlap in the signalling pathways between the root mineral-and hydro-patterning (Drew and Saker, 1975; Bao et al., 2014; .
Is it possible to manipulate and to decouple nitrate uptake from the root morphogenetic programme? The tight control of root structure-function in RMP may explain why attempts to improve nitrate absorption by over-expressing NRT2.1 and NRT1.1 genes in order to decouple structure-function relationships were unsuccessful. Indeed, Nicotiana plumbaginifolia and Oriza sativa transgenic plants constitutively over-expressing NpNRT2.1 and OsNRT2.1 revealed that the NRT2.1 transporter is also regulated at post-transcriptional level by reduced N sources or metabolites (Fraisier et al., 2000; Katayama et al., 2009) , while over-expressing AtNRT1.1 in Arabidopsis increased nitrate uptake in constitutive but not in inductive nitrate conditions (Liu et al., 1999) . Moreover, the dependence of NRT1.1 to Ca 2þ signalling in relation to its phosphorylation/dephosphorylation state demonstrates that NRT1.1 activity is also strongly regulated at the post-transcriptional level (Riveras et al., 2015) . Furthermore, recent discovery of alternative mRNA splicing product of the NRT1.1 gene in rice encoding a low-affinity nitrate transporter with six transmembrane domains increases the complexity of NRT1.1 regulation in nitrate uptake in plants (Fan et al., 2015) . Although NRT1.1 and NRT2.1 are induced in the nitrate priming effect Nero et al., 2009) , AtNRT1.1 and AtNRT2.1 transporter genes do not belong to the metabolic hub in primary N and C metabolism involved in the root branching programme, as revealed by the nrt1.1 and nrt2.1 mutants in 6-d and older seedlings (Guo et al., 2001; Remans et al., 2006a, b; Ho et al., 2009) .
As demonstrated with tobacco Nia30(145) transformants of nitrate reductase (NR), changes in RMP under homogeneous and heterogeneous supply of nitrate depends more on the shoots accumulation of nitrate rather than changes in root nitrate uptake (Dorbe et al., 1992; Scheible et al., 1997a; Gojon et al., 1998; Stitt and Feil, 1999) . In fact, nitrate-limited Nia30(145) transformants treated with 12 mM nitrate lead to wide changes in the expression of genes involved in the pathways of C and N metabolism (Scheible et al., 1997a, b; Stitt and Feil, 1999) . Accumulation of nitrate in the shoots leads to a strong inhibition of starch synthesis and turnover and to a decrease of sugar allocation to and concentration in the roots. Furthermore, it has been well demonstrated in Arabidopsis that the primary root growth rate depends on diurnal carbon allocation from an appropriate rate of starch degradation orchestrated by clock genes ELF3 and CCA1/LHY (Yazdanbakhsh et al., 2011) . Although changes in root growth under homogeneous and heterogeneous nitrate supply can be also explained by energetic considerations, the mechanisms that connect starch, hormone and nitrogen metabolism are still missing. However, the fundamental Lemaire et al., 2013) . Values are mean 6 s.e. of n ¼ 4-5 repeats (Petri dishes) of four seedlings each. (B) Long-term down-regulation of the nitrate uptake rate in B. napus plants ('Emerald'). The plants were grown in a continuous flow culture system at 25 C and 32 kLux and supplied with constant 10 mM, 100 mM, 1 mM or 10 mM of external nitrate concentrations (from Bhat et al., 1979a) .
role of some aminotransferases in N and C assimilation and shuttling and the biosynthesis of ethylene and auxin could be the missing and centrepiece in the puzzle.
CONCLUDING REMARKS
Although systems biology approaches have allowed an holistic view on the connections between N metabolites and components of hormonal pathways and have indicated that hormones are crucial elements in plant developmental responses to N Nero et al., 2009; Vidal et al., 2010) , this systems approach does not take account of the thermodynamic considerations involved in structure-function relationships during the building of a fractal or constructal root network during steady-growth state (West et al., 1997 (West et al., , 1999 Bejan, 2005; Bejan and Lorente, 2010) . Chemical genetics can provide a complementary tool to pinpoint the central hub(s) in primary metabolism involved in the regulation of the root morphogenetic programme (Le Deunff and Lecourt, 2016) . AQ1: Please confirm that Heads 1 and 2 are used correctly throughout 
